Collections of wild emmer wheat, Triticum dicoccoides, were sampled from 5 sites along an 8 kilometre transect and analysed electrophoretically at seven enzymatic loci and phenotypically at one coleoptile pigment locus. Gametic phase disequilibrium coefficients indicate two major eight locus genotypes and one major recombinant type in the area. The multilocus genotypes are distributed in a step dine with the recombinant genotype being found at the interface between the two genotypes. Analysis of the spatial distribution of genotypes in the one polymorphic population suggests that gene flow by either seed or pollen dispersal must be extremely limited. These observations are briefly discussed in the light of previous reports of high gametic phase disequilibrium in inbreeding plant species.
INTRODUCTION
Gene products within living organisms interact in such a way that the effects of different alleles of a gene are a function not only of its gene product but also of the genetic background in which it is found (Lewontin, 1974; Dykhuizen and Hartl, 1980) . In natural populations, selection, genetic drift, non-random matings, migration, founder effects, hitchhiking, and mutation can generate associations between alleles at different loci (Hedrick, 1982) . Reproduction without recombination allows the perpetuation of favourable multilocus genotypes, and as a result, non-recombining lineages may, under certain circumstances, be at a selective advantage over recombining lineages.
Essentially this argument has been explored in relation to the evolution of asexual vs. sexual reproduction (Williams, 1975; Maynard-Smith 1978) , and has been applied in the analyses of asexual populations (Hebert, 1974; Mitter et a!., 1979) . High levels of inbreeding in sexual populations also effectively reduce recombination between loci (Golding and Strobeck, 1980) , and can lead to the perpetuation of gene associations in the absence of actual linkage. In general, the maintenance of gene associations in large equilibrium populations is a function of recombination and epistasis. As the number of loci involved increases the conditions necessary for the maintenance of associations (gametic phase disequilibria, D 0) at equilibrium become more relaxed (Slatkin, 1972) . In addition, when many loci are involved several stable equilibria with D 0 may exist (Hastings, 1985) .
Gametic phase disequilibria, however, have not been commonly found in natural populations of animals (Barker, 1979; Hedrick et a!., 1978; Langley et a!., 1977) . In contrast, striking examples of gametic phase disequilibrium have been found in highly selfing plant populations (Brown, 1984; Brown, 1979) . Unfortunately, these exceptions are confined to only three species, Avena barbata Allard et aL, 1972; Hamrick and Allard, 1972; Hamrick and Holden, 1979) , Hordeum vulgare-H. spontaneum Weir et aL, 1972; Weir et aL, 1974; Brown et a!., 1977) , and Phaseolus lunata (Harding and Allard, 1969) . Whether or not this is a common phenomenon in inbreeding species in general must be confirmed only after more species have been tested. Here, we report the distribution of multilocus genotypes and gametic phase disequilibria occurring along a transect in natural populations of Triticum dicoccoides, wild emmer wheat in Israel.
MATERIALS AND METHODS
Triticum dicoccoides is a primary component of stable open grasslands of the Fertile Crescent. It grows sympatrically with other grasses such as the annuals Avena sterilis, and Hordeum spontaneum and the perennial Hordeum bulbosum. In areas of its range characterised by mild, wet Mediterranean winters, T dicocco ides covers large patches with robust morphs. It is of special interest, being the wild progenitor of cultivated hardwheats (genome AABB) and the tetraploid ancestor of modern hexaploid breadwheats (genome AABBDD) (Zohary, 1969; Feldman, 1976) .
From a previous study (Nevo et al., 1982) At least two seeds from each spike were germinated and seedlings grown to about a ten day stage. Coleoptile colour, noting the presence or absence of anthocyanins, was recorded for each plant.
Fresh leaf tissue was electrophoresed on horizontal starch gels. The electrophoretic procedures may be found in Brown et al. (1978) with the exception of peptidase in which phenylalanyl-alanine was used as a substrate instead of leucyl-alanine. The gels were stained and analysed for seven enzymatic systems: malate dehydrogenase-1 (MDH-1), indophenol oxidase (IPO), 6-phosphogluconic acid dehydrogenase-2 (6-PGDH-2), beta-glucosidase (/3-GLU), peptidase-1 (PEPT-1), and hexokinase (HK). An additional system anodal to the peptidase-1 system of our previously published results was recorded and identified by the name peptidase-3 (PEPT-3). The linkage relations between the loci encoding these enzymes have been determined in a separate study (Golenberg, 1986a) . Mdh-1 and HK are probably located on chromosome 1 (assuming homology with the T. aestivum A and B chromosomes) and have a recombination fraction of019±010. Pept-1, Pept-3, and ipo all had significant interaction with Rc (red coleoptile locus); however, only Pept-1 and Rc (rf=0.28± 0.07) have a recombination fraction significantly different from 05. Both Pept-1 and Rc have been located on chromosome 6 in T. aestivum (Golenberg, 1986b; Sutka, 1977) . Each allozyme system had two alleles and was scored using a binary code, where 1 and 0 correspond to the fast and slow electromorphs respectively. In those systems where apparently only one of the two genomes contributed to the scorable activity, as was inferred from the banding patterns of the variant alleles (6-PGDH-2, IPO, f3-GLU, HK), the genotypes were recorded as if they were diploid. Coleoptile pigment was similarly recorded. The zymograms of PEPT-1, PEPT-3, and MDH-1 consisted of two distinguishable contributions. One genomic product was conservative (monomorphic) in all individuals tested, while the second varied. For matters of simplicity, the monomorphic contribution was ignored in scoring. Thus all systems were scored using a simple binary system. In addition, nearly all individuals were homozygous in all loci so that the genotype at a given locus was signified by one number alone (e.g., 1 = FF). Those loci that were heterozygous were signified by the symbol *. Allele frequencies were determined for each locus for each site.
Gametic phase disequilibria were calculated and tested for significance in site 3. Disequilibria values, D, were calculated from gametic frequencies (Hedrick et a!., 1978; Hill 1974 ) which could be determined because of the high degree of homozygosity in the wheat due to its high degree of selfing.
RESULTS
Between 42 and 50 seed spikes were sampled in each population and tested for all the loci mentioned above. Table 1 lists the allozyme and coleoptile pigment frequencies for each collection in the transect. Collections at sites 1 and 2 are fixed or nearly fixed for one allele in all eight loci. In a similar manner, but for the alternative allele, populations 4 and 5 are monomorphic or nearly so. (For simplicity of discussion, the common genotype at sites 1 and 2 will be called Yehudiyya-type and at 4 and 5, Qazrin-type). Collection 3 is clearly in the interface between these two genetic regimes. It is essentially identical in allelic composition to the Qazrin genotype in the loci encoding for PEPT-1, and 6-PGDH-2, but is a mixture of the two regimes in the remaining six loci, being composed of [53] [54] [55] [56] per cent Yehudiyya-type and 44-47 per cent Qazrin-type.
The data may be arranged in terms of the eight locus genotypic frequencies in order to assess population structure. By maintaining the order of loci listed in table 1, the Qazrin genotype may be designated as (00001111) and the Yehudiyya genotype as (11110000). (Golenberg, 1986a) . The disequilibrium coefficients for the eight loci in collection 3 are listed in table 2. The disequilibrium coefficients indicate two associated groups of loci in collection 3. One group consists of Pept-1 and 6-Pgdh-2, and the other consists of the six loci Mdh-1, Ipo, f3-Glu, Pept-3, Hk, and Rc. All of these associations are significant at a level of P <0001. As reported above, Mdh-1 and Hk are linked on chromosome 1. Ipo, Rc, Pept-1, and Pept-3 also have shown significant interactions in an F2 population after crossing. (Golenberg, DISCUSSION Multilocus associations have been previously reported in the predominantly selfing grasses Avena barbata Hamrick and Holden, 1979; Kahler et a!., 1980) , Hordeum vulgare , and Hordeum spontaneum (Brown et a!., 1980) .
In the Avena studies, particular associations of genotypes to environments suggesting the existence of xeric and mesic multilocus genotypes were reported on both fine and coarse scales Hamrick and Holden, 1979) . These findings were highly suggestive of selection acting on a coadapted complex. Similarly, selection for particular associations was suggested in the barley studies, especially in light of the development of similar genotypes deriving from independent populations . Hedrick and Holden (1979) have criticised these interpretations by suggesting that hitchhiking of neutral loci linked to selected loci may be effective in generating the disequilibria observed in these highly selfed populations. Brown (1984) further warns that, in general, highly selfed species can generate disequilibria between neutral loci when population sizes are low based on the findings of Golding and Strobeck (1980) . In Triticum dicoccoides, the distribution of the multilocus genotypes is discontinuous, abruptly tions to their sites and that within multilocus classes (collections 1 and 2, Yehudiyya type) ecologically important genetic variation does occur. Thus, it is apparent that these multilocus genotypes are at least associated with selectable traits which are themselves associated with the environment. However, the relationship between these genotypes and these traits remains only tentative at this point, and does not directly shed light on the mechanisms maintaining the multilocus distribution as it appears today. Outcrossing in wild emmer is quite limited (estimated t 0005, Golenberg, submitted) and, therefore, recombination is expected to be very small. On the other hand, dispersal distances are harder to measure since they will reflect pollen While this evidence cannot be used to estimate average dispersal distance, the general indication is that dispersal distances or genetic neighbourhoods are limited to a scale of several metres.
The behaviour of dines, in general, and multilocus dines, in particular, has been studied in relation to selection per locus, recombination, and dispersal distances for randomly mating populations (Endler, 1977; Barton, 1983) . The sharpness of a dine is generally a function of strong selection and/or limited dispersal distances. The analysis of multilocus systems modifies these findings by
showing that effective selection coefficients may be higher than individual selection coefficients on a single locus if recombination is limited. Furthermore, in the case of an existing multilocus dine, barrier effects may enhance the evolution of further differentiation.
In light of these theoretical findings and the observations reported herein, we may expect that the slope of multilocus dines in T dicoccoides to be quite sharp and the width of introgression to be limited. In order to determine the dimensions of the recombinant zone in this species, intensive sampling on the scale of tens of metres would be necessary. Secondly, we may expect to see the addition of neutral or even deleterious alleles to existing multilocus genotypes once initial differentiation has become established. The localisation of many rare alleles in these two areas (Nevo et al., 1982) may be a reflection of this process.
